Mycosporine-2-glycine (M2G) is known to be synthesized in halotolerant cyanobacterium Aphanothece halophytica. Escherichia coli cells in which the M2G synthetic genes of A. halophytica were introduced could synthesize M2G. Here, we report that M2G producing transformed E. coli cells showed salt tolerance compared to control cells. This result suggested that M2G could function as a potential osmoprotectant in E. coli. To our knowledge, this is the first report presenting the evidence that mycosporine-like amino acid confers salt tolerance on E. coli. Intracellular M2G content in the transformed E. coli cells were varied depending on NaCl concentration with maximum level at 0.75 M. Moreover, intracellular M2G level was affected by a supply of glycine with maximum level at 5 mM. In conclusion, we found that transformed E. coli cells could produce 205 μg of M2G/g fresh weight of cells under the best effective growth condition in this study. Thus, the results obtained here offer the potential for the bioproduction of mycosporine-like amino acids using the genetically engineered E. coli cells.
Mycosporine-like amino acids (MAAs) are water-soluble secondary metabolites with absorption maxima ranging from 310 to 362 nm [1] . Over 20 MAAs have been discovered in various organisms including cyanobacteria so far [2] . The molecular structures of representative MAAs, mycosporine-glycine, shinorine, porphyra-334, and mycosporine-2-glycine, are shown in Figure 1 . In cyanobacteria, the physiological role of MAAs is under debate, and MAAs are thought to be multifunctional secondary metabolites [3] . Besides sunscreen role, MAAs have been investigated and discussed as possessing antioxidative activity and osmoprotective function [4] . Due to these properties, applications of MAAs in cosmetics are developing rapidly [2] . MAA synthetic genes were firstly discovered in cyanobacterium Anabaena variabilis [5] . Four genes, Ava_3858 (predicted 3dehydroquinate synthase), Ava_3857 (O-methyltransferase), Ava_3856 (adenosine triphosphate-grasp enzyme superfamily), and Ava_3855 (non-ribosomal peptide synthase-like protein), are responsible for shinorine synthesis. Recently, the genes Ap3858, Ap3857, Ap3856, and Ap3855, homologous to Ava_3858-3855, were identified in halotolerant cyanobacterium Aphanothece halophytica [6] . These four genes are known to be responsible for mycosporine-2-glycine (M2G) synthesis in A. halophytica cells. In the structure of M2G, two glycine moieties are bound to C1 and C3 position of core chromophore ring structure of MAA ( Figure 1 ). Heterologous expression of M2G synthetic genes of A. halophytica in E. coli resulted in the biosynthesis of M2G [6] . However, the detailed investigations of this E. coli transformant have not yet conducted so far although E. coli is an attractive microorganism as a host for bioproduction of natural products.
Here, we firstly investigated the effects of salt stress on growth of M2G producing transformed E. coli cells. As shown in Figure 2 , in the case that E. coli cells were grown in normal Luria-Bertani (LB) medium, the growth of M2G producing cells and control cells showed almost the similar patterns. On the other hand, when NaCl was added to LB medium ranging from 0.25 to 1.0 M, M2G producing cells clearly grew faster and denser than control cells. Thus, M2G producing E. coli cells showed salt tolerance compared to control cells. This result suggested that M2G served as an osmoprotective compound in E. coli cells. To our knowledge, this is the first report presenting the evidence that mycosporine-like amino acid confers salt tolerance on E. coli. We next measured intracellular M2G content in E. coli transformants grown under NaCl stress condition. As shown in Figure 3A , accumulation levels of M2G in M2G producing transformants were varied depending on NaCl concentrations. Addition of NaCl resulted in M2G production with maximum level (183 μg/g fresh weight of cells (FWC)) at 0.75 M. It should be noted that M2G was not detected in the remaining medium after cells were harvested (data not shown). On the other hand, a trace of M2G was detected by our HPLC analysis when NaCl was not added to the medium. In control cells, M2G was not detected even under 0.75 M NaCl condition. For bioproduction of one M2G molecule, two glycine molecules are needed. Therefore, intracellular availability of glycine is thought to be important. To further improve M2G production, we investigated the effects of exogenously supply of glycine on intracellular accumulation of M2G. As shown in Figure 3B , addition of glycine affected M2G amount of E. coli transformant which grew in 0.75 M NaCl condition. Supplementation of glycine at 5 mM caused the increase in M2G for 1.12 times higher than those of the cells which were not supplied with glycine. Thus, under appropriate NaCl and glycine concentrations, M2G production amount went up to 205 μg/gFWC. On the other hand, M2G level was decreased under 10 and 20 mM glycine conditions. The reason for this phenomenon might be due to toxic effect of glycine. As shown in Figure 4 , oversupply (10 and 20 mM) of glycine inhibited growth of E. coli transformants, while 5 mM concentration was not affected their growth significantly. Recently, we demonstrated that M2G possessed significant free radical scavenging property in vitro [7] . Moreover, protective effect of M2G against oxidative stress-induced cell death was revealed using human melanoma A375 cell lines [7] . In addition to UVabsorbing property, these characteristics indicate that M2G is a promising candidate as natural sunscreen and for pharmaceutical and cosmetic applications. The findings observed in this study provide a prospect to produce MAAs effectively using genetically engineered E. coli cells.
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Experimental
E. coli strains and growth condition: E. coli cells expressing A.
halophytica M2G synthetic genes were prepared as previously described [6] . Briefly, the plasmid pAp3858-55_303 was used to transform E. coli strain DH5. The E. coli strain DH5 cells harboring empty vector, pUC303-Bm, was used as control. These E. coli cells were grown in liquid LB medium supplemented with 50 μg/mL of streptomycin at 37ºC. The growth of E. coli cells was monitored by measuring the absorbance at 620 nm with a Shimadzu UV-160A spectrophotometer (Shimadzu, Japan). For salt stress treatment, LB media supplemented with 0, 0.25, 0.5, 0.75 and 1.0 M NaCl were used. For glycine supply, 1 M glycine stock solution was supplemented into LB medium (+ 0.75 M NaCl), and then final concentration was adjusted to 1, 5, 10, or 20 mM.
M2G extraction: E. coli cells grown for 20 hours under various conditions were harvested from 4.5 mL of cultures by centrifugation at 5,000×g for 15 min at 25ºC. Approximately 10-20 mg FWC of harvested cells were suspended in 500 μL of HPLC-grade methanol, and disrupted by sonication for 30 sec, and then incubated for 3 hours at room temperature. After centrifugation at 22,000×g for 10 min at 25ºC, supernatants were transferred into new tubes. The remaining cell debris was suspended in 500 μL of HPLC-grade methanol, and disrupted by sonication for 30 sec, and then incubated for 3 hours at room temperature. After centrifugation at 22,000×g for 10 min at 25ºC, these second supernatants were mixed with first supernatants, and dried up by centrifugal concentrator VC-12S (TITEC, Japan). Dried samples were dissolved in 200 μL of 0.1% trifluoroacetic acid (TFA), and then centrifuged at 22,000×g for 10 min at 25ºC. The resulting supernatants were subjected to HPLC analysis.
High performance liquid chromatography (HPLC) analysis:
HPLC analysis was conducted using reverse-phase column as previously reported by using prominence HPLC system (Shimadzu, Japan) [6] . Briefly, a ShimPack FC-ODS reverse-phase column (3 μm; 150 by 4.6 mm) connected to a guard column (30 by 4.6 mm) that contained the same packing materials as the main column was used at 35ºC. The mobile phase was run at a flow rate of 0.4 mL/min using 0.1% TFA. 10 μL aliquot of samples was injected to column. M2G was detected by using a UV-visible detector at 330 nm. For quantification of M2G, authentic shinorine standard was used. 
